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Computerized Optimal Control System Design for Boost Vehicles
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AND
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An optimization technique has been developed which combines the practical features of hybrid simulation
of the dynamic systems with the systematic approach of modern control theory. Standard hybrid computer
optimization methods using high-speed repetitive simulations and gradient minimization schemes have been
extended to obtain time-varying optimal gain schedules and reduce the sensitivity of the optimized system to
parameter and disturbance uncertainties. In this approach the performance index is expressed in meaningful

engineering terms that reflect the interactions among all major design disciplines.

The basic optimization

technique is developed and its application to the space shuttle is presented. Control gain schedules, vehicle
design and performance characteristics resulting from the technique are compared with controllers developed

by conventional methods.

Introduction

WELL-designed attitude control system for space shuttle

ascent can significantly contribute to the economy of this
new transportation system. Best use should be made of all
available control forces from thrust vector control (TVC) and
from aerodynamic surface deflections to stabilize the vehicle
and control its ascent trajectory. The wide range of possible
control and blending schemes and their mostly conflicting
impact on vehicle design and performance make a systematic
design approach highly desirable.

The overriding design criterion in all booster control
problems should be to stabilize the vehicle while the orbital
insertion weight is maximized. Such a payload maximization
criterion combines all the standard design criteria (load relief,
minimum drift, etc.) in the most meaningful manner and
provides the key to a computerized optimal design approach
to solve the following problem. For a given boost vehicle,
determine time-varying attitude control gain schedules (and
schedules for blending TVC and aerodynamic control in the
case of winged vehicles) so that orbit insertion weight is
maximized.

Problem Formulation

Let the dynamics of the system (plant) be described by

x=f( a1 oy
where ¥ is the n-dimensional state vector, f an n-dimensional
functional vector, # an m-dimensional control vector (m < n)
and (*) =d/dt.
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For this discussion we assume a linear control law and
performance measure to be minimized as follows:

i(t) = K@) x(t)
J=J(x,a,t)

where K is an m X n gain matrix.

In the search for a practical solution technique which
reduces the computational load, quadratic optimal control
theory was closely examined. To this end the system Egs. (1)
were linearized to the following form:

X = F()X + G()B + H(t)a C))

where F, G, H are time-varying coefficient matrices, 8 is the
thrust vector deflection angle and «, is the external time-
varying scalar forcing function (wind angle of attack).

A quadratic performance criterion was formulated! which
reduces bending loads Mp= M.« + By and maintains
acceptable trajectory performance: (prime denotes transpose)

M;*

dt
M?
Then the system is optimal if its control law minimizes J over

the total atmospheric flight phase for a suitably chosen
weighting matrix Q.

@
3

J=1 f: (f’Q)? + ©)

Standard Quadratic Control Theory Solution

Applying linear optimal control theory, the optimal control
law can be shown to be

B(t) = K(t)x(t) — k(D)orn(®) + G (D)) ©
where k(t) = M./M;.
K@) =—GP@) — k(t)a’ )

is the optimal time-varying feedback gain row vector and
a is a constant vector.

The n X n matrix P is the solution of the set of Riccati
differential equations

—P=pF4 FP—-PGG'P+ Q ®)
and the vector £ is the solution of the differential equation

{=—(F— GG'PY{ + P(H — kG)a,, ®
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where F= F— kGa’. Equations (8) and (9) have to be solved
backward in time starting at 7 with the initial conditions
P(T)=0; {T)=0. Hence, for any given vehicle data
F(t), G(t), k(t), and weighting matrix O, Eq. (8) can be
solved. Knowing P(#), the total wind profile «.(¢), and its
effectiveness H(z) allows one to solve Eq. (9) in a second step.
Substitution of P(z) and {(¢) into Egs. (7) and (6) finally results
in the desired optimal control law as a function of flight time,
which is characterized by feedback of all state variables,
feedforward of the wind angle of attack «,, and of an additional
signal G’{ which again is a function of the disturbance «.,
according to Eq. (6).

In order to illustrate the properties of such optimal controller
designs, a numerical example is given which was computed
for a large expendable Post-Saturn launch vehicle of 150-m
length with first and second bending mode frequencies in
the order of 0.35 and 0.9 Hz, respectively, which was aero-
dynamically unstable at all times.! A typical solution for
an assumed wind disturbance peaking at 79 sec is shown in
Fig. 1 for a simple rigid-body representation of the vehicle
dynamics with the state variables X’ = [0, §, Z/V]. Optimiz-
ation over the full ascent trajectory (0, 150 sec) results in the
three optimal gain schedules of Fig. 2, curves A. The ele-
ments of { resemble the assumed wind profile «,(?).

Effects of Reduced Optimization Interval

Efforts were made to reduce the computational load and
the amount of a priori knowledge concerning disturbances
by dividing the total mission time into a limited number of
finite optimization intervals. The results are illustrated in
Figs. 1 and 2. At a time of high wind loads at ¢ = 70 sec,
only 40 sec or 20 sec of the coming wind disturbance were
assumed to be known a priori. Despite poor guesses concern-
ing the new end conditions of the P-matrix which was assumed
to be zero at the end points, 110 sec (case B) and 90 sec
(case C), respectively, the Riccati solution approached the

-3 | 1
o} 20 40

60 o 80 100 120 140

=q =10-5.q =10"8
9,7G,=1077;q4=10

Fig. 1 Typical solutions of the matrix Riccati Eq. (8) for optimal

control of a large expendable launch vehicle during atmospheric

flight. (The two variables shown, P, and P,;, are representative

examples of the six elements of the symmetric 3 X 3-P-matrix.)

Optimization interval reduced to (70, 110 sec) in case B and to
(70, 90 sec) in case C.

J. SPACECRAFT

r T,
8
Ky
T
£l 0.0— [+ oA
&
W o2 A
> 8
b C
Q 04

0.6

K

- N

2
% A
~
@
W
~
[OF
[
Q
2 —
Kz ! I i
=&y
(]
8 o0
2 o1 1 ! ! ( Te, B LA
) 0 20 40 60 80 100 120 140
o

FUGHT TIME - SEC

Fig. 2 Optimal feedback gains K(¢) =—G'P—ka’ computed via

linear optimal control theory. Deviations from the optimal values

due to reduced optimization intervals (curves B and C) are caused by
the Iong transients of the Riccati solutions.

optimal solution of case A, computed over the essentially
unlimited interval, in about 15 sec with less than 10%; error. If
this transient solution were used to compute optimal gain
schedules, this would result in the curves B and C of Fig. 2.
Thus in case C with an assumed 20 sec a priori knowledge
of «,, (from 70 to 90 sec flight time) optimization theory would
have yielded the feedback and feedforward gains to within
109 of the optimal values for the time interval 70 to 75 sec.

Although there are no theoretical results available at the
present time concerning admissible reductions of the optimiz-
ation time intervals in the case of external disturbances, the
good agreement between infinite interval and finite interval
optimization in a large number of numerical examples has
led to the development of a practical optimization method
based upon finite optimization intervals involving forward
integrations only, as described next.

Floating Interval Optimization

For regulator design without specified terminal conditions
the computational load can be greatly reduced if the total
flight time is divided into a finite number of optimization
intervals and if the mn gain schedules of K(z) are assumed to
be piecewise linear functions of time as shown in Fig. 3
(Ref. 2). Then the optimization problem is reduced to a
sequence of parameter searches for the mn gain slopes K; of

Kj(é)

e At

ty tys ty+2 tye3

Fig. 3 Assumed polygonal form of optimal gain schedules.
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Kj'(t)l

—

Fig. 4 During optimization cycle at time 7., a search is performed
in K; parameter space of the mn gain slopes for optimum performance.

the gain matrix K(r) as shown in Fig. 4 which is performed
over each of the optimization intervals.

In this regulator problem, the performance index does not
contain the terminal state. Thus, forward integrations which
can be performed efficiently on analog or hybrid computers
are sufficient to determine the optimum. The dynamic simu-
lation serves a dual purpose. Performance is repetitively
evaluated during an optimization cycle in fast time. Once
the optimum set of gain slopes K, (j=1, 2, ..., mn) is deter-
mined, the optimum parameters are used during a real-time
simulation from one update time (#,) to the next (¢,.) using
the same dynamic model. After the last updating, the com-
plete time history of the simulated optimum system is available
for performance evaluation. This allows immediate decisions
concerning refinement or redirection of the design effort to be
made.

In order to distinguish between local minima and absolute
minima, the search in the K; parameter space is performed
in two phases, a systematic grid search and a gradient search.
In the systematic grid search, all possible parameter combina-~
tions within a region of specified limits and a grid of specified
fineness are evaluated for their performance J. Such a
complete survey is feasible as long as the parameter space
is of low dimension as in present applications. In the
gradient search, the Fletcher-Powell-Davidon gradient method?
uses the grid search minimum as a starting point to precisely
locate the minimum.

Mathematical Representation of Design Objectives

The present optimization technique offers the designer
a wide selection of performance measures he can use to
represent the design goals. Whereas the performance index
J must be of a prescribed mathematical form (e.g., quadratic)
in most classical optimization methods, the only requirement
imposed on the performance measure in this technique is
that J be a positive definite functional of the parameters
to be optimally adjusted and of the vehicle state in the floating
optimization interval (¢,, v + T)

J=JK@); XD <7<+ T (10)

Although this restriction excludes trajectory optimization
problems which depend mainly on terminal constraints, the
technique is applicable to a wide class of regulator or control
system optimization problems.

A shortcoming of all time-domain optimization techniques
—the strong dependence of optimal solutions on specific
flight and disturbance conditions—has been greatly reduced
by the following approach. At least two adverse flight
conditions (case A and case B) are repetitively simulated and
analyzed for optimum performance. This results in two
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Fig. 5 Typical topology of T~
performance index J as a
function of scalar control
parameter K considering
possible occurrence of flight
condition A or B.
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performance measures, J4(K, X), Js(K, %), for each set of
parameters K in a given optimization interval as shown in
Fig. 5 for a scalar control parameter K. The minimum of
the upper bound J represents the optimum adjustment in
view of the uncertainty in flight conditions. Neither Kopea
nor K,z would be optimal in view of the uncertainty concern-
ing the flight condition. Performance might be unacceptably
poor if case A occurred and the control parameter Ko,z were
used. The best tradeoff in view of this uncertainty is the
minimum of the upper bound J of J4 and Jp (solid line in
Fig. 3).

The minimization scheme will use the worse-case (J in
Fig. 5), in the search for new parameters which can be ex-
pressed in the form of a minimax problem:

J = max Ji[K(7), X(7)] - min (1)

i= Case A, Case B Lh<tT<t,+T

The optimized gain schedules K,(r) will thus represent the
best tradeoff in view of likely occurrence of either flight
conditions A or B.

The most direct way to locate the minimum of the upper
performance bound is to simulate all possible flight conditions
for a given set of control parameters in order to determine
the upper bound J. A gradient-dependent minimization
technique can again be applied to seek the minimum. One
might expect convergence difficulties around the corners
of these J-functions. However, only minor modifications
were necessary to the basic Fletcher-Powell-Davidon gradient
scheme? and to the preceding grid search to locate corner-type
minima. The changes included a relaxing of the gradient
convergence test (| VJ| < &, where ¢is a smallspecified number).
If all other convergence tests are passed, then ¢ is doubled
in subsequent iterations.

First Example: Load Relief Pitch Controller Design for “‘Phase B*’
"Space Shuttle

The atmospheric flight phase of a two-stage reusable
space shuttle provides an excellent opportunity to apply
and refine this computerized design tool. Since the technique
is based on repetitive simulation of the complete flight
dynamics, great care is required in describing the vehicle and
flight path. The large aerodynamic forces of the winged
space shuttle configurations as developed under recent phase B
studies cause strong interactions between vehicle dynamics
and flight path. In order to limit the complexity of the com-
puter simulation, it is assumed that rigid-body perturbation
equations about a nominal point-mass gravity-turn trajectory
adequately describe the over-all dynamics. The requirement
for trimmed flight along a specified trajectory leads to a set
of trim equations which prescribe trim values for angle of
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attack and engine gimbal angle. The coordinate system,
major notations, and dynamic equations used are shown in
Fig. 6 (Ref. 4).

In order to obtain a direct indication of control action
related structural load reductions, it is necessary to compute
representative loads during simulations. A simple form was
adopted from previous (wingless) symmetrical booster control
practice in the early phase of this study’®

MB(X) = Mu(x) g (0(0 -+ “) + Maa(x) - (890 + 80)- (12)

Since aerodynamic load distributions (required to determine
these bending moment partials) were not readily available,
loads were indicated in a form less dependent on aero-
dynamic distribution as suggested in®

Bending Moment Indicator = Mp(x)/Ms(x)

= R(x)(oo+ o) +80+ 38 (13)
where
R(x) = M. (x){Ms(x) 14

Based on approximate load distributions, R(x) was calculated
for the booster-orbiter rear attachment point for the con-
figuration studied.

Since reduction of peak loads is of major concern to the
designer, the most direct approach to accomplish this was to
express the performance index in terms of the peak bending
loads encountered in each simulation

J = max| Mx(7)/M;| —min; L<r<t,+T (15

An additional term had to be included to limit sudden
vehicle rotations in response to high wind shears and thus
assure a sufficient amount of trajectory stability. A simple,
yet effective, stability term is

ty+T

L=f 18] dr (16)

v

which was added to the basic load relief criterion [Eq. (15)].
The complete load relief performance index which accounts for

likely occurrence of either one of two adverse wind conditions
then becomes

v+ T
J= max {max|Ms(7)/My|+q ft |0]d } an
T ind B Stest+T :

This criterion was applied to determine load relief control
gain schedules for the space shuttle configuration described
in Ref. 7.

Two synthetic head wind profiles from Ref. 8 were used to
represent adverse flight conditions and thus reduce the sen-
sitivity of the optimal controller to off-nominal wind condi-
tions.

Typical results are shown in Fig. 7 where loads and dynamic
response of the optimized system are compared with a
conventional constant gain controller. A simple attitude
error plus rate error feedback law was used in both cases

So(s) = —15(ao + a15)0(s)/(s -+ 15). (18)

The floating optimization interval was 15 sec. However,
the optimization of gain slopes ao, a; was updated every 5
sec as indicated by the break points in the optimal gain
schedules. A drastic 509 load reduction is achieved for the
more severe disturbance A, whereas loads in the less critical
case B are only slightly reduced by 13%. A near-perfect
tradeoff between the two likely disturbance cases is indicated
by almost identical peak loads

Jdmax X IBmax = 0.39 (19

A surprising feature of these optimal gain schedules is the
sign reversal of the attitude error gain schedules aee?(?) in the
high dynamic pressure region resulting in positive feedback
of attitude errors. A detailed analysis reveals that structural
loads are substantially reduced if the vehicle’s natural rotation
into the wind (6 < 0) due to its inherent weathercock stability
is increased by the control system from a 6 =—2° peak in
the constant gain case to a peak value of — 3° in the optimized
flight. Total engine deflections 8, + 840 in this load-critical
flight region are dominated by trim requirements 6,0 which
call for large positive trim deflections up to 6° at ¢ = 60 sec.
The constant gain controller further increases engine deflec-
tions to more than 8° whereas the negative attitude gains
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Fig. 7 Pitch control gain optimization for maximum load relief for a ‘‘phase-B” space shuttle configuration’ using performance criterion
Eq. (17) with floating optimization interval 7'= 15 sec and stability weighting factor g = 0.75. Design is based on two different wind profiles
(A and B). Constant gain control system response is shown for comparison.
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Table 1 Comparison of major performance characteristics for
varying weighting factor g in performance index Eq. an

z at Mpax

t=100sec Afp.,p Remarks

q 0max Smax

Load minimum
Drift minimum
Minimum - attitude
error

0.75 —80° 67° —380m —0.62
096 —7.5° 7.2° 0 —0.63
1.5 —50° 94° 4400m  —0.85

aoe Of the optimized system reduce total deflections to
about 4°. Since total deflections & -+ 80 remain positive
throughout the region of high' headwind loads, vehicle
stability is maintained in spite -of the temporary positive
feedback signal aos.

The computations were carried out on an EA1 8900 hybrid
computer. A compressed time scale of 1000 times real time
for the repetitive simulations resulted in approximately 5 min
over-all computing time, including real-time simulation and
recording of optimal performance. A few preliminary
runs were necessary to establish a satisfactory weighting factor
g which assures admissible trajectory deviations. The ease
and effectiveness in shaping vehicle performance to the design-
er’s needs by proper adjustment of the single weighting factor
q is evidenced in Table 1, where three optimization results
for an earlier shuttle configuration are compared; they were
obtained by varying the weighting factor ¢ in Eq. (17) from
0.75 to 1.5. For low g the load relief term dominates J
causing low peak loads but large attitude errors and drifting
with the wind, whereas high weighting of the intergal term in
Eq. (17) results in small attitude error, larger structual loads,
and upwind drift. With little effort a weighting factor ad-
justment g = 0.96 was found that minimized terminal drift
for the two wind cases considered.

Second Example: Maximum Payload Yaw Controller Design for
““Phase B’ Space Shuttle

For the computerized design of a payload-optimal ascent
control system it is necessary to derive payload sensitivities
of all flight characteristics affected by attitude control dy-
namics.

The following performance index comprises the major
payload penalties which depend upon flight control system
performance

J 3 oP

7= 3, 5 (Rilawe = Rio) 430 25 (18, = 810) +

Z (ap Xulty) -+ >~ Um(tq)) (20)

m=1 a

where P = payload penalty or decrease; R, = forces at the
booster-orbiter interface; 8, = main booster engine gimbal
angles for roll, pitch, yaw control including 8.1m; Xx» = devia-
tions from reference trajectory in x, y, z direction; v, = velocity
errors with respect to reference trajectory in x, y, z direction;
t, = start of closed-loop guidance phase, end of atmosphenc
disturbances. The subscript 0 denotes minimum design
values specified by constraints not related to ascent.

The design goal of maximum payload can then be achieved
by minimization of this payload penalty functional J".

One of the space shuttle configurations from recent phase B
studies was chosen to verify the concept of payload-optimal
control system design.” The dynamic equations used in the
hybrid simulation had to be expanded, however, to provide
“in-flight” information about all the variables which affect
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the performance index J’ of Eq. (20). The approach used in
deriving the various payload sensitivity terms will be briefly
discussed in the following sections. '

Structural load impact on payload

Booster dry weight is strongly dependent on peak structural
loads encountered during powered ascent. The standard
practice of bending moment calculations proportional to
angle of attack and engine deflection as used for symmetrical
boosters and for pitch control studies of winged unsymmetrlcal
boosters fail to adequately describe structurai loads in three
dimensions for general 6-DOF vehicle motion stabilized by a
three-axis attitude control systerm.

Analyses of structural load concentrations in the composite
two-stage shuttle. vehicle revealed that the interface loads
acting between booster and (piggy-back mounted) orbiter
at the attachment points indicate with sufficient accuracy

eak booster fuselage loads and related structural weight
requlrcments

Knowing the motion of the composite vehicle (U Q) from
the 6-D ascent simulation the interface forces and moments
(subscript I) can be determined as part of the total external
forces acting on the orbi_ts:r _gsubscript Or) which lead to the

orbiter’s known motion U,

Fi= mo:((_}+ Q X U) —Foor — Fcyo: mo.g

@n
[IOI]Q + Q X [IOr]Q Mao:

where subscript a denotes aerodynamic eﬁ'ect_,_ Fee is the

centrifugal force due to the orbiter’s CG offset rcq from that
of the composite vehicle and [Io.] is the orbiter’s moment of
inertia matrix. Based on the given design of the booster-
orbiter attachment points as shown in Fig. 8; the interface
forces can be computed during simulations as functions of
known quantities or simulated variables

-I_i:f((_]: (—}, 55 51 F’“Or’ rCG)' (22)

In the shuttle configuration studied, R is a six-dimensional
vector of force components.

A structural analysis of the booster fuselage in the region
of the orbiter attachment points revealed that the peak inter-
face forces Ra., Rs:; Ra, strongly affect the booster hydrogen
tank design. The hydrogen tank is compressmn-crltlcal
rather than pressure-critical.® The stress resultant N, in the
axial direction determines the design. In the first approxima-
tion, no ‘circumferential variation was considered and N, was
determined by summing the effects of axial compression and
bending from a one-dimensional internalload analysis. Given
the maximum compressive loads, the stiffeners of each barrel
can be designed by using the formulation givenin Ref. 10. The
simultaneous occurrence of general instability, skin buckling,

Rear Attachment
Point 3

e, g orbiter
. Rear Attachment

¥y /
iz Rear Attachment

Point 2

R
Attachment ty
Point 1

R

-+

1x

o

Fig. 8 Components of interface forces and geometry of the
attachment points of shuttle booster and orbiter.”
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Fig. 9 Cross sectionof booster
hydrogen tank stiffener rings;
b, t,, w are varied according to b—

peak load distribution.

[
= T

5.72 cm
, b
3

and web crippling determines the design point; i.c., the
dimensions w, b, and ¢, of the tank stiffeners in Fig. 9.

In order to account for general unsymmetrical loads, the
total force at the three rear attachment points 2, 3, and 4

R, = [(Rlz + R3z)2 + R4y2]1/2 (23)

must be computed. Peak values of R, can then be used to
determine the booster’s H,-tank weight. The mass sensitivity
of the booster H,-tank for changes in interface load R, is
then found to be

AWHz(Tank)/ARr =0.0104 kg/N

which can be expressed in a payload penalty AP according
to Ref. 11

P AP AWiyaumo AP

kg
R VIR AR = 0.0104x0.3 = 0.00208 —=

A WBooster N

Since the tank c.g. is only 0.6 m from the booster c.g. upon
burnout, no additional penalty due to hypersonic trim require-
ments is necessary.

Impact of engine gimbal angle requirements on payload

The major effects of maximum engine gimbal angles on
space shuttle payload were determined in a recent study.!?
An increase in engine deflection 8 requires a heavier actuator
system, larger engine base area with associated increase in
drag, structural weight and fuel requirement. Typical
values for the payload penalty 0P/88 were found in Ref. 11
to be of the order

oP/86 = 221 kg/deg

This value was also used in the present study for all total
gimbal angles &rum-+ 8 which exceed the nominal design
values.

Impact of trajectory deviations on payload

Vehicle insertion weight variations produced by trajectory
deviations were asssumed to be a function of the vehicle state
at the start of active closed-loop guidance at ¢,= 100 sec
into ascent when atmospheric disturbances have virtually died
out. These trajectory-related penalty functions were compu-
ted using a trajectory computation program incorporating a
quasi-optimal guidance concept. Insertion weight deviations
were computed for each parameter of the vehicle state taken
singly. Coupling terms were neglected to simplify the analysis.
It was planned to include coupling effects later if 4 significant
payload impact of trajectory errors should result from the
early studies. The insertion weight was initially expressed
by a quadratic function of the form.

3 [ew oW
AWins =m§1 l:‘é;"" xm(ty) + a_Um vmlty) +

oW ow

e Xn®(tg) + ) Umz(fg)] 24
For this particular zero-lift trajectory the qﬁadratic terms
were found to be two or more orders of magnitude smaller
than the linear terms and were therefore neglected. The
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following‘ payload penalty coefficients were calculated in
second stage burn time and converted to payload penalty
based on Ref. 11 for use in performance criterion [Eq. (20)]

aP kg oP kg
_ =006l =; —— 00— =0.027=2
x(100 sec) 0.0 m’  |y(100 sec)| m

P kg 9P g k&~
z(100sec) 0.035 m’ #(100sec) m/sec

oP kg oP kg

=043 ; =40 —>
| 7(100 sec)| m/sec (100 sec) m/sec

In order to avoid excessive angular rates and side slip
angles B by the vehicle in response to gust-type wind distur-

bances, an additional cost functional was formulated:

= 08 v el raslda @)

tv

where ¢ and x/x are the roll and yaw rates, respectively. ¢, and
g4 are weighting coefficients reflecting the design constraints
imposed on side slip and vehicle rates. J” should be kept
small to assure smooth flying qualities. The criteria J’ and
J” can be readily combined into a single performance criterion

J=J +¢qJ" —~min (26)

which makes possible the minimization of all payload penal-
ties while a weighted flying quality criterion ¢J” is simulta-
neously satisfied.

All three weighting factors (g, g4, ¢;) can be readily related
to specified design guidelines concerning admissible angular
rates and side slip angles. They are therefore easy to adjust
after a small number of trial optimizations. This is a major
advantage over quadratic form J functionals where a large
number of weighting factors must be selected for this high-
order problem.

Optimization Results

The yaw and roll thrust vector control laws were of the
following form

8y = aoyth + awdh — boyB,  8s= aced +aed (27

Actuator dynamics were assumed to be identical to the pitch
control system [Eq. (18)]. Typical results of an optimization
of gain schedules for yaw error feedback aeu(?) and side slip
angle feedback boy(2) are presented in Fig. 10 and compared
with a constant gain system. Again the vehicle was subjected
to two different wind profiles, a sidewind A (solid lines,
maximum shear plus superimposed gust at 58 sec) and a
sidewind B (dashed lines, maximum shear plus gust at 75 sec)
acting 90° from the right. Payload penalties in the perfor-
mance criterion (30) were dominated by the structural weight
contributions
- Rio)

recorded in the bottom strip of Fig. 10. The impact of gimbal
angle requirements above the nominal design limit (8o = 7°)
was generally less than 15% of AP and trajectory-related
penalties were another order of magnitude smaller and there-
fore not recorded. A major design objective was to limit roll
(¢) and sideslip (B) excursions as enforced by high weighting
factors ¢, 44, and gy, in performance index (26). The resulting
gain schedules drive yaw error feedback to zero and sideslip
feedback to high values in the max g region, thus reducing
sideslip from over 5° to approximately 1° by yawing the
vehicle into the wind. At the same time the payload penalty
APy is reduced by 1800 kg for the worst sidewind case A.

oP .
APR= Z(a—R-l Ri
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Again a good tradeoff between the two wind cases is achieved:
Both sideslip angle 8 and payload penalty APg show similar
peak values for the optimized controller which is an indi-
cation for low sensitivity of the optimal control system to
wind uncertainties.

The optimization technique has been successfully extended
to include aerodynamic control to augment main engine
thrust vector control in a ““payload-optimal” manner. To this
end the hinge moment increases caused by aileron or elevon
deflections are related to wing weight increases and a cor-
responding payload penalty term is included in the perfor-
mance index.

Conclusions

The restriction to piecewise linear time functions for the
optimized control gain schedules and to regulator-type control
problems where performance is governed by the current or
near-future state has led to a sequential hybrid computer
optimization technique. Repetitive forward integrations of
the complete dynamic system, most efficiently performed by

hybrid computer, are combined with a gradient minimization
scheme. In this approach the performance index can include
the effects of attitude control on structural weight and other
weight penalties which depend upon the control system.
Valuable insight concerning the interactions between attitude
control, structural loads, structural weight, and trajectory
performance can be gained at an early design phase.

In the first example, the pitch controller design for the
ascent of a “Phase B” space shuttle configuration, the design
objective was minimization of peak structuralioads. Contrary
to conventional load relief practice the optimization scheme
led to gain schedules with positive attitude feedback in the
max-g flight region. Trim requirements for the selected
trajectory together with the high aerodynamic stability in
pitch maintain vehicle stability in spite of this destabilizing
attitude feedback. In the second example the design goal
expressed in the performance index was minimization of all
weight penalties affected by the attitude control system. In
the numerical example structural weight penalties dominated
strongly the performance measure. The resulting yaw
controller exercised tight control over side slip by causing the
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vehicle to yaw into the sidewind. This in turn reduced roll
errors and structural weight.

The sensitivity of the optimized control system to wind
uncertainties has been reduced by using more than one wind
profile during the optimization. The realism of hybrid
simulation of the complete vehicle dynamics including
nonlinearities, the freedom in formulating the design objectives
and the reduced sensitivity of the optimal solution to distur-
bance uncertainties make this approach a practical engineering
tool.
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